Single-cell RNA sequencing examines the transcriptome of individual cells and reveals the inter-cell transcription heterogeneity, playing a critical role in both scientific research and clinical applications. Recently, droplet microfluidics-based platform for expression profiling has been shown as a powerful tool to capture of the transcriptional information on single cell level. Despite the breakthrough this platform brought about, it required the simultaneous encapsulation of single cell and single barcoded bead, the incidence of which was very low. Suboptimal capturing efficiency limited the throughput of the Drop-seq platform. In this work, we leveraged the advance in inertial microfluidics-based cell sorting and designed a microfluidic chip for high efficiency cell-bead co-encapsulation, increasing the capturing rate by more than four folds. Specifically, we adopted spiral and serpentine channels and ordered cells/beads before the encapsulation region. We characterized the effect of cell concentration on the capturing rate and achieved a cell-bead co-capturing rate up to 3%. We tested this platform by co-encapsulating barcoded beads and human-mouse cell mixtures. The sequencing data distinguished the majority of human and mice expressions, with the doublet rate being as low as 5.8%, indicating that the simultaneous capturing of two or more cells in one droplet was minimal even when using high cell concentration. This chip design showed great potential in improving the efficiency for future single cell expression profiling.
Introduction
Conventional biological assays, such as qPCR and western blot, are oftentimes performed on bulk tissue level. Such assaying strategies assumed the overall tissue as a homogeneous entity and gauged the corresponding average values. Recently, it is more and more appreciated that the heterogeneity of individual cells within a tissue has ineligible impact on the analysis of assay results [1] [2] . Indeed, single cell analysis has played a significant role in discovering unseen biological mechanisms as well as in making informed and personalized treatment plans in clinics. Heterogeneous gene structure and gene expression status of individual cells have been revealed on single cell level by whole genome sequencing 3 , transcriptome sequencing [4] [5] , and epigenetic sequencing 6 .
Single-cell transcriptome sequencing (scRNA-seq) gained great attention in recent years as a method for studying individual cell transcriptomes on large scale [7] [8] [9] .
It revealed in detail the gene expression of whole tissues and elucidated the genetic and epigenetic mechanisms. Compared to conventional assays performed on bulk tissue level, scRNA-seq can quantify intrapopulation heterogeneity and dissect the transcriptional landscape of single cells at very high resolution. In addition, scRNA-seq is important in the evaluation of genetically heterogeneous tumors, significantly impacting the battle against cancer.
Microfluidics is a technology that provides exquisite flow control with low sample consumption. Thanks to the advantages that microfluidics possesses, researchers developed high-throughput single-cell analysis platforms based on this technology [10] [11] [12] [13] . Microfluidic chip can achieve high throughput, high separation efficiency, and low sample demand, which is ideal for automated sample preparation and single cell assays. Various devices can also be integrated on one chip, making the chip highly versatile. In 2015, Macosko et al. reported a high-throughput scRNA-seq method based on droplet microfluidics (Drop-seq) 10 , which encapsulated a single cell along with a single barcoded bead into nanoliter droplets. The barcode of each bead, appearing in the sequencing data, served as the identifier of individual cells and helped trace the origin of each read. This smart design significantly reduced the bias in PCR amplification and noise in sequencing data analysis.
Despite the great potential that Drop-seq has shown, this platform has major challenges. The nature of the experiment required that a single cell and a single bead being simultaneously encapsulated in a single droplet and strictly prohibited encapsulation of multiple cells. The encapsulation incidence followed Poisson distribution; to minimize multiple encapsulation, the cell/bead suspension needed to highly diluted. As a result, the encapsulation rate was reported to be as low as 0.15% under low cell/bead concentration of 100 μ L -110 . The extremely low encapsulation rate inevitably compromised the efficiency and the throughput of the platform.
Inertial focusing provides a way to hydrodynamically localize particles in certain regions of the channel cross section. Consequently, particles line up and approach the encapsulation region one by one, thus reducing the incidence of multiple encapsulation and improving the encapsulation efficiency. When particles flow in microfluidic channels, due to the parabolic velocity profile, they are subject to lift forces, namely shear gradient lift force and wall effect lift force. In curved channels, the inertia of the fluids generates secondary swirling flow, named Dean flow, which accelerates the lateral displacement of the particles and thus facilitates the focusing.
Based on the principle of inertial focusing, spiral channels were adopted in a reported work to order barcoded beads before droplet encapsulation 14 . Higher capturing efficiency and higher fraction of single bead encapsulation were reported.
Despite the efficient focusing that has been achieved for beads, cell focusing has been challenging, partly due to that lift force scales with the fourth power of particle diameter 15 . Cells, usually more than twice smaller than beads, take much longer to be focused in spiral channels. With efficient cell ordering, the cell/bead co-encapsulating rate could be further enhanced. To this end, here we developed a new microfluidic chip which inertially ordered both beads and cells, aiming for high throughput single cell expression profiling. To efficiently focus cells, we coupled serpentine channels with spiral channels before the droplet generation region. Consequently, the incidence of multiple cell encapsulation was greatly reduced even at high cell/bead concentrations, which maximized the sample utilization and increased the throughput.
We investigated the effect of cell/bead concentration and size on the encapsulation performance. We further tested the utility of this platform by performing single cell sequencing of human-mouse cell mixture and successfully distinguished nearly 95% of the two populations in the sequencing data, suggesting that the incidence of multiple encapsulation was sufficiently low. Our platform showed the great potential for single cell expression profiling with improved throughput. Upon delivery, the beads were first gently washed twice with 100% ethanol to remove free nucleotide sequences, before being washed and resuspended in TE/TW buffer (TE Buffer pH 8.0, 0.01% Tween). The suspension was then filtered through a 100 μ m filter (BD Falcon) to remove aggregates and the filtrates were aliquoted into multiple tubes for future use. Beads were stored strictly between 3.5 and 4 °C. Before each experiment, the beads were resuspended in lysis buffer containing 200 mM Tris, pH 7.5, 6% Ficoll PM-400 (17-0300-10, GE Healthcare, Sweden), 0.2% sarcosyl (L7414, Sigma, USA), and 20 mM EDTA. Dithiothreitol was supplemented to the lysate prior to droplet generation.
Materials and methods

Bead preparation
Cell preparation
Two cell lines (Human HEK293T and Mouse NIH3T3) were used. Cells were cultured in high-glucose Dulbecco's Modified Eagle's medium (DMEM; Gibco, Fisher Scientific) supplemented with 10% (v/v) fetal bovine serum (Gibco, Fisher Scientific) and 1% penicillin-streptomycin antibiotics (Invitrogen, USA). Cells were passaged at a confluency of about 75%.
Microfluidic devices
The chip design adopted spiral channels following the inlets to focus cells/beads, as shown in Figure 1a . The microfluidic chip was fabricated with standard soft lithography and the mold was fabricated using SU-8 photolithography.
Polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, USA) with 10:1 base-to-curing agent ratio was poured on the mold and degassed for about 10 minutes, before it was baked in 80 ºC oven for 40 minutes to cure. After baking, the PDMS was peeled off from the wafer and cut with razor blades. Biopsy punches were used to punch holes for tubing connection. Finally, the PDMS slab was bonded to glass slide after surface activation with oxygen plasma (Harrick Plasma, USA) followed by another baking at 80 ºC. The channels were rendered hydrophobic by treating with Aquapel.
The chip design incorporated three inlets, namely cell, bead, and carrier oil inlet, and one outlet. The chip had three functional units: two spiral structures with serpentine channels for cell/bead ordering, a droplet generator, and a serpentine channel for efficient mixing of generated droplets. The chip had a height of 120 
Droplet generation and cell/bead encapsulation
Negative pressure was used to drive the flows in the microfluidic chip. Cells were suspended in 1x PBS supplemented with 0.01% BSA (v/v) and beads were suspended in lysis agent. The bead/cell suspensions were stored in 1.5 mL centrifuge tubes and connected to the chip via polyethylene tubing (BB31695-PE/2, Scientific Commodities Inc.). Droplets were collected in a customized centrifuge tube with inlet and outlet on the lid. The outlet was connected to a syringe pump, which was set on withdrawal mode with a typical flow rate of 30 mL/h to generate the negative pressure and form droplets stably [16] [17] . An inverted microscope (IX71, Olympus, Germany), coupled with a high-speed camera (DP26, Olympus, Germany) was used to acquire images. ImageJ (National Institute of Health, USA) was used to analyze the acquired images.
As soon as the cell was captured in the droplet, it was rapidly lysed by the lysis buffer in the bead phase and primers on the barcoded bead captured messenger RNAs (mRNA). The collected droplets were broken by adding perfluoro octanol (370533-5G, Sigma), and the beads were washed with large volume of 6x saline sodium citrate buffer (SSC) and harvested. The mRNAs were reverse transcribed together to form stable single-cell transcriptomes bonded to beads and then amplified.
Library construction and sequencing
Overall, qualified library was built after completion of DNA fragmentation and cyclization. We used dsDNA fragmentase (M0348L, NEB) to interrupt the target sequence (cDNA) randomly, followed by end-repairing and adding adapter primers 18 .
The fragmented cDNA was amplified with two specific primers. Subsequently, DNA mix was selected to 300-500 bp by AMPure XP beads (Beckman). Finally, the DNA was heat denatured and cyclized into single-strand circular DNA with the aid of exogenous free single-stranded nucleotide primers. We made DNA nanoball using rolling circle amplification [19] [20] and sequenced the resultant molecules from each end using BGISEQ-500 sequencer (MGI Tech Co., China). The detailed library construction procedures can be found in Fig. S1 and the relevant oligonucleotide sequences in the Drop-seq experiments can also be found in Table S3 .
Analysis of the scRNA-seq data
3.
With the obtained paired-end sequencing data, we first convert the data to sam/bam format using Picard (v2.9.3). We applied Drop-seq tools v1.13 10 to decode UMI and cell barcode information embedded in the sequences in order to quantify the transcript abundance. The UMI and cell barcode encoded in Read 1 (forward strand) sequences are abstracted after filtering out low-quality sequences.
As for Read 2 (reverse strand) sequences, which are 100 bp mRNA insert sequences, we removed the sequences with high adapter and poly A contamination and used STAR (v2.5.2b) to map the read sequences to a reference for gene alignment 9 . After quantifying the UMI counts for each cell barcode, we selected cells that have higher number of UMIs (evaluated by 'expect cell numbers' or a single 'UMI cut-off') as the valid cells.Results and discussion
Overall experimental design
This chip aimed to focus cells/beads before droplet generation and encapsulation and improve the encapsulation efficiency. When cells/beads are focused, they would align as a train of particles and enter the droplet generating region one by one, reducing the chance of multiple encapsulation.
The microfluidic device adopted spiral and serpentine channels to focus the cells/beads. In spiral channels, due to the viscosity of fluid and velocity imbalance between the channel center and the near-wall region, secondary flow, namely Dean flow, was generated, leading to Dean drag force on the particles. In addition, particles were also subject to lift force, which was the net force of the inertial lift, caused by the shear gradient, and the wall lift, caused by the channel wall [21] [22] . The balance of drag force and lift force dictated the equilibrium positions of the particles on the channel cross section 14 . Inertial microfluidics predicted that particles are more likely to occupy a single equilibrium position in a curvilinear channel when 21 
Where ρ is the density of the fluid, f U is the flow velocity of the fluid, L C is the lift coefficient, which is a function of the particle position across the cross-section of the microchannel and has an average value of 0.5. Given that particle mass scales with 3 p a and L F scales with 4 p a , smaller particles, such as cells, would experience lower acceleration and take longer time to reach the equilibrium position. Combined together, designs of spiral channels would be sufficient to focus beads, but for cells, we added serpentine channels 15 at the outlet of the spiral channel as an additional focusing mechanism, as shown in Figure 1a . In the asymmetrical semicircle serpentine channel, cells were simultaneously subjected to both viscous drag force ( D F ) and centrifugal force ( C F ), and the equilibrium position of cells depends on the balance of the two forces 15, 27 . As cells and beads approached the droplet generation region (Figure 1b ), they were encapsulated into droplets. Since the cells/beads were focused on a lateral position, the proportion of multiple encapsulation in single droplets were reduced. Cell lysis buffer loaded in the bead suspension lysed the cell, exposing its mRNA to the primers functionalized on the bead surface which captured the poly-A tail of the mRNA (see Methods).
We examined the performance of bead/cell ordering at different bead/cell concentrations. Due to their larger sizes, beads were well focused at lateral positions close to the outer channel walls at concentrations ranging from 250 to 1000 μ L -1 , as shown in Figure 2 . However, we noticed that at high concentrations, namely 1000 μ L -1 , the spacing between beads became small, increasing the chance of getting multiple encapsulations. We also achieved cell focusing with the assistance of serpentine channels at cell concentrations of 450 and 900 μ L -1 .
Single bead and single cell encapsulation rates
To achieve cell/bead co-encapsulation with high efficiency, it was necessary to achieve cell/bead encapsulation with high efficiency. Thus, we investigated the encapsulation of beads/cells separated.
Plain beads with a diameter of 30 μ m were used to test the bead encapsulation efficiency. Intuitively, the fraction of single encapsulation in the resultant droplets would increase as the bead suspension became more concentrated, with a tradeoff that multiple encapsulation would increase as well. Indeed, as shown in Figure 3a & b, we observed that when the bead concentration was lower than 900 μ L -1 , we were able to achieve a single encapsulation rate up to 23.97%. As the bead concentration went higher, we started to see encapsulations with multiple beads in single droplets. For example, at concentration of 1100 μ L -1 , while the fraction of single bead encapsulation was increased to 29.83%, we also observed 2.86% droplets with multiple beads encapsulated. Encapsulation with multiple beads lead to false sequencing data; therefore, bead concentration lower than 900 μ L -1 was used in the following experiments. In the test experiments of cell encapsulation, we obtained similar observations (Figure 3c & d) . Cell concentration at 700 μ L -1 resulted in a single cell encapsulation rate of 19.7% with 1.14% multiple cell encapsulation.
Therefore, cell concentrations lower than 700 μ L -1 was adopted. The detailed experimental data can be found in Table S1 & S2 in Supplementary Information.
Bead and cell co-encapsulation
We loaded both bead and cell suspensions into the device and tested the cell/bead co-encapsulation performance. Compared to the microfluidic design with no spiral designs, where cells were present at multiple the lateral positions, in this proposed design, beads and cells lined up and entered the droplet generation region one by one, which facilitated single encapsulation (Figure 4a & b) . At bead concentration of 900 μ L -1 and cell concentration of 300 μ L -1 , the co-encapsulation rate of a bead and a cell was about 3% with very low cell doublet or bead doublet rate (Figure 4c & d) .
Thousands of effective encapsulations were generated within minutes. .18%. However, the fraction of doublets was 17.82%, nearly three folds higher than that of design with spiral channels (Figure 5c ). Notice that the design with spiral channels generated more effective encapsulations, namely 10719, which was about five folds more than that without spiral channels (Figure 5d ). These results indicated that the design with spiral and serpentine channels could greatly improve the encapsulation efficiency.
scRNA-seq with human and mouse cell mixture
Conclusion
In this work, we presented a microfluidic design with improved performance for single-cell expression profiling. We adopted spiral and serpentine channels to focus beads and cells, resulting in ordered beads and cells flows, which reduced the incidence of multiple encapsulation. Results showed that the fraction of multiple beads encapsulation was less than 1% and the fraction of multiple cell encapsulation was less than 5%, which were much smaller than the results from Drop-seq without inertial ordering, namely 10% and 20%, respectively. In order to verify the practical utility of this microfluidic platform, we conducted experiments using mixtures of human and mouse cells and performed single-cell sequencing. The results confirmed the capability of this chip design in throughput improvement, which would ensure maximal utilization of the cells to be analyzed. This platform would be extremely useful in single cell analysis where samples are scarce.
Data Availability
The sequencing raw data reported in this study have been deposited to CNGB Nucleotide Sequence Archive (Accession Code: CNP0000223). 
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